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Abstract Linkage between the high-capacity Ca2+-binding
protein calsequestrin and the ryanodine receptor is proposed to
be essential for proper Ca2+-release during skeletal muscle
excitation-contraction coupling. However, no direct biochemical
evidence exists showing a connection between these high-
molecular-mass complexes in native skeletal muscle membranes.
Here, using immunoblot analysis of chemically crosslinked
membrane vesicles enriched in triad junctions, we have demon-
strated that a very close neighborhood relationship exists
between calsequestrin and the ryanodine receptor in both main
fiber types. Hence, the luminal Ca2Ł+-reservoir complex appears
to be directly coupled to the membrane Ca2+-release complex
and oligomerization seems to be of functional importance.
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1. Introduction
The high-capacity, medium-a⁄nity Ca2-binding protein
calsequestrin (CSQ) represents the major Ca2-storage site
of the sarcoplasmic reticulum (SR) in skeletal muscle ¢bers
[1^5]. This luminal component of the terminal cisternae exhib-
its a highly acidic amino acid composition whereby most of its
negatively charged residues cluster in the carboxy-terminal
region, possibly representing the ion binding domains [6^8].
CSQ aggregates exhibit positive co-operative with respect to
high capacity Ca2-binding [9] pointing towards an important
physiological role for protein-protein interactions within CSQ
clusters. Numerous investigations on Ca2-induced conforma-
tional changes suggest that upon ion binding, CSQ increases
its K-helical content and folds into a more compact structure
burying hydrophobic side chains [10^13]. CSQ is proposed to
be directly involved in the Ca2-release process during excita-
tion-contraction (EC) coupling, providing a large Ca2-reser-
voir available for ion release by the ryanodine receptor
(RyR) Ca2-release channel [14]. It is now clearly established
that changes in luminal Ca2-concentration in£uence the
channel opening probability of the RyR and Ca2-release
rates from the SR [15]. CSQ is proposed to participate in these
regulatory processes and might act as an endogenous regula-
tor of the RyR possibly through the junctional component
triadin [16].
With respect to triad complexes, direct physical interactions
between the transverse tubular dihydropyridine receptor
(DHPR) [17] and the RyR Ca2-release channel of the SR
[18] are hypothesized to be involved in a highly specialized
signal transduction mechanism in mature skeletal muscle ¢-
bers [19^21]. Receptor co-localization as determined by elec-
tron microscopy [22,23], various physiological ¢ndings [24^
27], di¡erential co-immunoprecipitation experiments [28] and
receptor domain binding studies [29] strongly argues in favor
of this model of direct protein-protein interactions [30]. Re-
cently, crosslinking analysis of native triad membranes dem-
onstrated that the junctional K1-DHPR forms distinct high
molecular weight complexes with RyR tetramers [31]. Thus,
both receptors appear to exist in close proximity and voltage-
sensing of the K1-DHPR might directly trigger Ca2 release
from the SR via activation of the RyR complex [19^21,30].
With respect to CSQ coupling to triad receptor complexes,
electron microscopical analyses demonstrated a periodic at-
tachment of CSQ at the junctional SR via elongated struc-
tures [5,23]. Several di¡erent SR proteins are implicated to be
directly or indirectly involved in providing this structural and
functional integrity of CSQ clusters and its link to the Ca2-
release complex.
Proteins potentially involved in the avoidance of passive
disintegration of the junctional signal transduction complex,
the stabilization of overall triad architecture, the regulation of
Ca2-homeostasis and/or the physical linkage of CSQ aggre-
gates to the junctional face membrane are triadin, junctin and
the 90-kDa JRS-protein [32^38]. Disul¢de-bonded clusters of
94-kDa triadin are implicated to mediate interactions between
CSQ and the Ca2-release complex [37], whereby the protein
junctin appears to be an adhesive component of the high-
capacity, medium a⁄nity Ca2-binding units [38]. Guo and
Campbell [37] reported that interactions between CSQ and the
luminal domain of triadin are Ca2-dependent and that the
cytoplasmic domain of triadin binds to the RyR but not to
the DHPR. On the other hand, studies by Fan et al. [39]
indicate that a cytoplasmic domain of triadin binds to a do-
main of the DHPR which is considered critical for signal
transduction during EC-coupling.
To test the above hypothesis that CSQ aggregates are
linked to the triadic membrane complex between key compo-
nents of the excitation-contraction-relaxation cycle, chemical
crosslinking was employed. Since skeletal muscle ¢bers feature
an enormous molecular diversity as re£ected by marked his-
tochemical, physiological and biochemical di¡erences between
fast- and slow-twitch ¢bers [40], we investigated both main
subtypes of skeletal muscles. This is important because di¡er-
ent ¢ber types exhibit not only speci¢c isoform expression
patterns for muscle proteins involved in the contractile appa-
ratus, but they also retain cell biological di¡erences between
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mature slow- and fast-twitch ¢bers with respect to excitation-
concentration (EC) coupling and the Ca2-regulatory system
[23,41,42].
2. Materials and methods
2.1. Materials
Peroxide-conjugated secondary antibodies, protease inhibitors and
chemicals for enhanced chemiluminescence were purchased from
Boehringer-Mannheim (Lewis, UK). [3H]Ryanodine and 45Ca2
were from Amersham (Little Chalfont, UK). Dithiobis-succinimidyl
propionate was obtained from Pierce and Warriner Limited (Chester,
UK) and Immobilon NC nitrocellulose membranes were from Milli-
pore Corporation (Bedford, MA, USA). All other chemicals were of
analytical grade and purchased from Sigma Chemical Company (Dor-
set, UK).
2.2. Antibodies
Production, puri¢cation and characterization of primary antibodies
to muscle membrane proteins used in this study were previously
described in detail [31,37,43,44]. Monoclonal antibodies VIIID12,
IIG12, IIID5, IIH11 and IID8 are directed against epitopes in CSQ
triadin, the K1-subunit of the DHPR, as well as the fast and the slow
isoforms of the SR Ca2-ATPase, respectively. Polyclonal antisera
Rb-53, Rb-55 and Rb-48 to peptides representing the last 15 amino
acids of the carboxy-termini of L-DHPR, Q-DHPR and the RyR [31],
respectively, were produced by Research Genetics (Huntington, AL,
USA).
2.3. Chemical crosslinking analysis of triad membranes
Standard subcellular fractionation procedures using sucrose density
gradient centrifugation were performed for the isolation of rabbit
skeletal muscle membranes enriched in triad junctions [31,34]. Protein
concentration was determined according to Bradford [45] using myo-
¢brillar proteins as a standard. Triad membranes were crosslinked at
room temperature for 30 min at pH 8 under optimized conditions [46]
using the homo-bifunctional 12-Aî probe DSP [47] at a concentration
range of 25^100 Wg DSP per mg membrane protein as previously
described in detail [31,48]. Following termination of the crosslinking
reaction by the addition of ammonium acetate [31], membrane protein
complexes were solubilized in SDS sample bu¡er under non-reducing
conditions [49]. Binding of [3H]ryanodine and 45Ca2 to untreated
muscle membranes and chemically crosslinked membranes was per-
formed by standard procedures [50,51].
2.4. Gel electrophoresis and immunoblot analysis
Electrophoretic separation of muscle proteins on large standard gel
was carried out under reducing conditions using 5^15% (w/v) gradient
SDS-polyacrylamide gels. Bio-Rad Protean II xi cells (Bio-Rad Labo-
ratories, Hemel Hempstead, UK) were run for 5000 Vh at constant
voltage with 60 Wg protein per lane [49]. Since gel electrophoretic
resolution under non-reducing conditions and transfer e⁄ciency of
large crosslinked membrane complexes was previously established to
be better using mini-gels as compared to standard large gels [31], a
Bio-Rad Mini-Protean II gel system (Bio-Rad Laboratories, Hemel
Hempstead, UK) was employed for analyzing crosslinked protein
complexes. SDS-polyacrylamide mini-gel electrophoresis was per-
formed with 7% (w/v) separation gels and 5% (w/v) stacking gels or
5% (w/v) resolving gels without a stacking gel system at a constant
voltage for 440 Vh and 280 Vh, respectively. Following electrophore-
sis of crosslinked complexes under non-reducing conditions with 20 Wg
protein per lane, gel bands containing high-molecular-mass complexes
were excised, and then incubated for 10 min at 50‡C in SDS sample
bu¡er [49] supplemented with 75 mM DTT, pH 6.8. Reduced gel
slices were placed on top of a second 7% (w/v) slab gel using 1%
(w/v) agarose, pH 6.8 for proper positioning and run under reducing
conditions. Following electrophoretic separation, proteins were trans-
ferred to Immobilon NC membranes for 1 h at 100 V on ice [52].
In the case of large gels, a Hoefer Transfor Cell TE-52X (Hoefer
Scienti¢c Instruments, San Francisco, CA, USA) was used and in
the case of mini-gels a Bio-Rad Mini-Protean II transfer system
(Bio-Rad Laboratories, Hemel Hemstead, UK) was employed. Both
primary and secondary antibodies were used at a dilution of 1:1000
and 5% (w/v) fat-free milk powder dissolved in Tris-bu¡ered saline
was utilized as blocking and washing bu¡er as described previously
[31,43]. Immunoreactivity of blots was determined using the enhanced
chemiluminescence method.
3. Results and discussion
Rabbit psoas and soleus muscles are established model sys-
tems of predominantly fast- and slow-twitch skeletal muscles,
respectively [40]. Based on these ¢ndings, we performed a
comparative analysis of complex formation between key com-
ponents of EC-coupling in membrane vesicles isolated from
FEBS 20385 18-6-98
Fig. 1. Fiber-type speci¢c distribution of EC-coupling components
and protein pro¢le of triads following chemical crosslinking. Shown
is a reduced Coomassie-stained 5^15% (w/v) gradient gel (a) of the
crude myo¢bril fraction (lanes 2^4) and membranes enriched in tri-
ads (lanes 5^7) isolated from rabbit gastrocnemius (G) (lanes 2,5),
psoas (P) (lanes 3,6) and soleus (S) (lanes 4,7) muscles. Identical im-
munoblots of triad preparations from the di¡erent types of skeletal
muscle were labeled with polyclonal antiserum Rb-48 to the ryano-
dine receptor (RyR) (b), Rb-53 to the L-subunit of the dihydropyri-
dine receptor (L-DHPR) (d) and Rb-55 to the Q-subunit of the
DHPR (Q-DHPR) (e), as well as with mAb IIID5 to the K1-DHPR
(c), mAb IIG12 to triadin (TRI) (f), mAb VIIID 12 to calsequestrin
(CSQ) (g) and mAb IID8 to the slow-twitch isoform SERCA2 of
the SR Ca2-ATPase (SCA) (h). In (i) is shown a Coomassie-
stained 7% (w/v) polyacrylamide gel of membranes enriched in tri-
ads isolated from psoas (lanes 9^12) and soleus (lanes 13^17)
muscles. Membranes were treated with 0 (lanes 9,13), 25 (lanes
10,14), 50 (lanes 11,15), and 100 (lanes 12,16,17) Wg dithiobis-succi-
nimidyl propionate (DSP) per mg membrane protein, respectively.
Lanes 8^16 were electrophoresed under non-reducing conditions,
while the sample in lane 17 was chemically reduced with dithiothrei-
thol (DTT) prior to application to the gel. Molecular mass markers
(U1033), as deduced from rat myo¢brillar proteins (lanes 1,8), are
indicated on the left.
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these two well-de¢ned subtypes of muscle. Although no major
overall di¡erences in the protein band pattern of junctional
couplings isolated from gastrocnemius, psoas and soleus
muscle were observed, speci¢c di¡erences in the abundance
of marker components of slow- and fast-twitch skeletal muscle
could be seen in the crude myo¢bril preparations from the
three di¡erent muscles. Fig. 1a illustrates the well established
¢ber-type speci¢c di¡erences in proteins of the contractile ap-
paratus [40] such as the myosin light chain (16^25 kDa) and
tropomyosin (32^36 kDa) regions. In addition, immunoblot-
ting of triad membranes using mAb IID8 to the slow-twitch
isoform of the SR Ca2-ATPase revealed strong staining only
in the soleus fraction (Fig. 1h). Hence, triads isolated from
these muscles are derived from ¢bers with de¢ned twitch char-
acteristics. With respect to abundance in the triad fraction,
CSQ in gastrocnemius, psoas and soleus did not show marked
di¡erences (Fig. 1g). Triadin, RyR, K1-DHPR and L-DHPR
were found to be slightly reduced in soleus, while the expres-
sion of the Q-DHPR was signi¢cantly lower in slow-twitch
muscle (Fig. 1b^f).
It was previously established that 12.5^50 Wg DSP per mg
membrane protein does not induce general clustering of triad
and SR proteins from rabbit skeletal muscle preparations [31].
As illustrated in Fig. 1i, at a concentration ratio of 25 or 50
Wg hydrophobic crosslinker per mg membrane protein, a rel-
atively comparable overall protein band pattern was observed
in triads from both psoas and soleus muscles. However, a
tendency towards reduction in the electrophoretic mobility
of distinct proteins was evident with increasing amounts of
DSP. This is especially conspicuous for the 100-kDa band
representing mostly the SR Ca2-ATPase isoforms (Fig. 1i).
We therefore used 25 and 50 Wg crosslinker per mg protein for
our analysis of complex formation between CSQ and other
EC-coupling components in triad preparations. Coomassie-
stained protein band patterns at a higher crosslinker concen-
tration, i.e. 100 Wg DSP per mg protein, is shown for com-
parative purposes. Distinguishing between non-reducing and
reducing conditions, it can be seen that protein bands repre-
senting crosslinked high-molecular-mass complexes under
non-reducing conditions regain the faster electrophoretic mo-
bility of their apparent monomers following chemical reduc-
tion (Fig. 1i).
Since the relative molecular masses of the monomers of
CSQ, RyR and DHPR and that of the crosslinked membrane
complexes di¡ered widely, two gel systems were employed in
our immunoblot analysis. Both 5% (w/v) separating gels lack-
ing a stacking gel system and 7% (w/v) gels containing a
stacking gel were used. Hence, identical nitrocellulose trans-
fers could be immunologically labeled for a large range of
relative molecular masses. Representative immunoblots in
Fig. 2 display an immunoreactive overlap which exists be-
tween protein bands representing CSQ aggregates and the
RyR. This was observed following crosslinking with both 25
and 50 Wg DSP per mg protein. Under non-crosslinked con-
ditions, CSQ exhibited not only a monomer band of apparent
63 kDa but also three additional higher molecular mass bands
ranging from approximately 140 kDa to 200 kDa (Fig. 2a,d).
These distinct protein bands recognized by mAb VIIID12 are
either biologically crosslinked CSQ species which are inert to
chemical reduction or represent CSQ-like proteins as already
discussed in earlier studies [31,44,53]. For comparative pur-
poses, the immunoblot analysis of uncrosslinked RyR with
and without chemical reduction is shown using a 5% (w/v)
resolving gel lacking a stacking gel and a 7% (w/v) stacking
gel system, respectively (Fig. 2b,e). In contrast to CSQ and
K1-DHPR (not shown), the RyR exhibited a rigid but chemi-
cally reducible high-molecular-mass complex formation even
prior to chemical crosslinking. Incubation with DSP shifted
all immunoreactive RyR species to the complex of extremely
low electrophoretic mobility (Fig. 2b,e). The determination of
potential changes in relative molecular mass of these com-
plexes following crosslinking was deterred by the very large
size of oligomerized triad complexes. Since these complexes of
more than 3000 kDa just barely enter the resolving gel, SDS-
polyacrylamide gel electrophoresis does not exhibit a linear
relationship between that range of electrophoretic mobility
and relative molecular masses of proteins [49].
Antibodies to the K1-DHPR also showed staining of this
complex (Fig. 2c). However, immunostaining of this subunit
within the high-molecular-mass triad complex, although con-
vincing in fast-twitch muscle membranes, was relatively weak
in soleus preparations (Fig. 2f). Thus, crosslinking-induced
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Fig. 2. Chemical crosslinking analysis of key components of EC-
coupling in triad membranes from fast- and slow-twitch rabbit skel-
etal muscles. Shown are immunoblots of triad couplings isolated
from rabbit psoas (a^c, lanes 1^4) and soleus muscles (d^f, lanes 5^
8) stained with mAb VIIID12 to calsequestrin (CSQ) (a,d), polyclo-
nal antiserum Rb-48 to the ryanodine receptor (RyR) (b,e) and
mAb IIID5 to the K1-subunit of the dihydropyridine receptor (K1-
DHPR) (c,f). Proteins were separated on 5% (w/v) resolving gels
run without a stacking gel (upper part of blots) and also on 7% (w/
v) separating gels with a 5% (w/v) stacking gel (lower part of blots).
Muscle membranes were treated with 0 (lanes 1,5), 25 (lanes 2,6),
50 (lanes 3,7), and 100 (lanes 4,8) Wg DSP per mg membrane pro-
tein, respectively. In (b) and (e), lane 1 and lane 5 were electropho-
resed under non-reducing conditions in the upper part of blots,
while samples were chemically reduced prior to application to the
gel in the lower part of the blots. The position of monomers (ar-
rowheads) and crosslinking-induced oligomeric complexes (open ar-
rows) is indicated. Molecular mass markers (U1033) are indicated
on the left.
B.E. Murray, K. Ohlendieck/FEBS Letters 429 (1998) 317^322 319
complex formation between triad receptors appears to be at
least partially dependent on skeletal muscle ¢ber type. The L-
and Q-subunits of the DHPR did not shift to the same high-
molecular-mass position following incubation with crosslinker
(not shown). Possibly crosslinking-induced alterations of epit-
opes in auxiliary DHPR subunits account for this lack of
immunolabeling and/or steric hindrance within this gigantic
complex prevented a proper binding of individual DHPR sub-
units via a hydrophobic 12-Aî probe such as DSP. Immuno-
blotting with antibodies to triadin demonstrated crosslinking-
induced shifts of this triad component to very high-molecular-
mass complexes (not shown) but no distinct labeling of the
CSQ-RyR-DHPR complex could be documented.
Following chemical crosslinking, detergent-solubilized
membrane complexes were incubated with immobilized anti-
bodies to the RyR, K1-DHPR or CSQ in order to immuno-
precipitate triad complexes (not shown). However, di¡erential
immunoblotting did not reveal strong enough labeling to un-
equivocally determine the presence of individual members of
the complexes previously detected by overlap of immunodeco-
ration (Fig. 2). Therefore, in order to substantiate the above
described oligomerization, we employed an alternative ap-
proach to immunoprecipitation. High-molecular-mass triad
complexes were excised, then chemically reduced and re-elec-
trophoresed under reducing conditions (Fig. 3a^d). In a non-
reducing environment, DSP-crosslinked proteins exhibit a
slower electrophoretic mobility and move to the oligomer po-
sition as illustrated in Fig. 2. However, chemical reduction
breaks the covalent, DSP-induced disul¢de bonds between
crosslinked membrane proteins and causes oligomeric com-
plexes to disintegrate into monomers. Thus, separation on a
second slab gel under reducing conditions causes previously
complexed proteins to move again with a higher electropho-
retic mobility (Fig. 3a^c). Immunoblotting of the re-electro-
phoresed high-molecular-mass complex from both psoas and
soleus triads clearly exposed the presence of CSQ (Fig. 3a),
the RyR (Fig. 3) and the K1-subunit of the DHPR (Fig. 3c) in
the excised gel bands. Besides the appearance of apparent 63-
kDa CSQ, 565-kDa RyR and 170-kDa K1-DHPR monomers,
labeled protein bands higher than the monomers were also
observed. Possibly, chemical reduction cannot fully reverse
all crosslinking-induced alterations during the complex forma-
tion of triad proteins. Triadin was not found in detectable
amounts in the re-electrophoresed samples (Fig. 3d).
To illustrate the speci¢city and triad complex oligomeriza-
tion, chemical crosslinking of the slow and fast SR Ca2-
ATPase isoforms is shown in Fig. 3h,i. In contrast to the
overlapping immunodecoration of junctional triad compo-
nents, the crosslinked Ca2-ATPase bands representing the
highest molecular mass species of these two SR components
clearly do not overlap with CSQ and the RyR (Fig. 3e^i).
Thus, apparent dimers, tetramers and octamers of the highly
abundant Ca2-ATPases, which are present in both the lon-
gitudinal tubules and terminal cisternae [54], are not an inte-
gral part of CSQ-RyR-DHPR complexes. In functional con-
trol studies, no fundamental di¡erence in 45Ca2-binding was
found in untreated vs. crosslinked vesicles, while speci¢c
[3H]ryanodine binding to crosslinked microsomes was 3^4-
fold increased in comparison with control vesicles (not
shown). Therefore, Ca2-binding to the major SR Ca2-bind-
ing proteins, including CSQ, is not a¡ected by DSP. On the
other hand, crosslinking-induced stabilization of RyR oligo-
merization and/or CSQ-RyR-DHPR complex formation
changes the a⁄nity of the RyR for the plant alkaloid inves-
tigated.
Hence, the two receptor complexes established to be of
crucial importance for proper signal transduction during
EC-coupling [19^21] not only exist in close vicinity to each
other [28,31], but CSQ clusters also appear to be directly
linked to the Ca2-release complex. This agrees with electron
microscopic investigations of junctional SR membranes which
showed a periodic attachment of CSQ via elongated structures
[5,23]. In addition, the SR Ca2-release complex consisting of
RyR tetramers [18] and the voltage-sensing K1-DHPR [17] can
be chemically crosslinked as con¢rmed in this study. However,
vesicular structures derived from triad junctions from pre-
dominantly slow-twitch soleus muscles exhibited a much less
pronounced apparent linkage between the K1-DHPR and
RyR than preparations from fast-twitch psoas muscles.
Thus, formation of junctional triad receptor complexes could
be at least partially dependent on ¢ber type. This agrees with
the idea that di¡erences exist between the regulation of EC-
coupling between the two main skeletal muscle ¢ber types and
that slow-twitch muscles may be more cardiac-like in their
signal transduction processes, i.e. increased sensitivity within
Ca2-induced Ca2-release mechanisms [19^21]. On the other
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Fig. 3. Re-electrophoresis of key components of EC-coupling eluted
from crosslinked triad complexes. Shown are immunoblots of triad
proteins which had been excised, chemically reduced and then re-
electrophoresed on a second 7% (w/v) slab gel following crosslinking
and electrophoretic separation under non-reducing conditions in the
¢rst dimension as illustrated in Fig. 2. The position of apparent
monomers of calsequestrin (CSQ) (a), the ryanodine receptor (RyR)
(b) and the K1-subunit of the dihydropyridine receptor (K1-DHPR)
(c), as recognized by immunolabeling with antibodies VIIID12, Rb-
48, and IIID5, respectively, is indicated by arrowheads. Staining
with mAb IIG12 did not reveal detectable levels of triadin (d).
Lanes 1 and 2 represent samples from psoas and soleus muscles, re-
spectively. In lanes e^i are shown comparative immunoblots illus-
trating that no immunodecorative overlap exists between the CSQ-
RyR-DHPR complex (e: CSQ; f: RyR; g: K1-DHPR) and the fast
(FCA) (h) and slow (SCA) (i) SR Ca2-ATPase isoform complexes.
Muscle membranes were treated with 0 (lane 3), 25 (lane 4) and 50
(lane 5) Wg DSP per mg membrane protein, respectively. Molecular
mass markers (U1033) are indicated on the left.
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hand, DHPR components other than the K1-subunit were not
found in the RyR-coupled DHPR receptor complex. A sub-
population of junctional DHPR which directly interacts with
the RyR and other EC-coupling components might maintain
this linkage exclusively via the K1-subunit without a close
contact to auxiliary Ca2-channel subunits. With respect to
regulation of both receptors, a reciprocal signaling appears to
exist. While the DHPR controls the Ca2-release activity of
the skeletal muscle RyR-1 isoform, the RyR controls the
Ca2-channel activity of the DHPR [55]. The physical close-
ness of the key components involved in this Ca2-regulatory
system within junctional couplings is in agreement with our
results. Recently, Zhang et al. [56] could show by CSQ-a⁄nity
chromatography, immunoprecipitation experiments and ¢lter
overlay assays that CSQ forms a quaternary complex with
junctin, triadin and the RyR in cardiac junctional SR. Hence,
the cardiac Ca2-regulatory SR membrane system appears to
be also based on oligomeric complexes involving the Ca2-
release and Ca2-storage units.
Previous attempts at crosslinking skeletal muscle mem-
branes with probes such as glutaraldehyde, NHS-ASA,
DFDNB, DFNPS, DMS, EDC and EGS did not result in
the formation of high-molecular-mass complexes between
the RyR, CSQ, triadin and the DHPR [34,57]. While studying
the e¡ect of RyR oligomerization on the low- and high-a⁄n-
ity binding sites for ryanodine, dimers and tetramers of the
565-kDa RyR subunit were observed, but crosslinking to oth-
er SR components was not detected [57]. Using the N-hy-
droxysuccinimide ester MBS, no crosslinking was noted be-
tween CSQ and other SR components such as the SERCA
Ca2-ATPase isoforms or the 53-kDa SR glycoprotein [58].
Therefore successful crosslinking of membrane complexes be-
tween the SR and triad components appears to be restricted
to hydrophobic 12-Aî probes such as DSP, as well as water-
soluble 11.4-Aî probes such a BS3 [31]. Other crosslinking
approaches might have failed because of steric hindrance
within junctional coupling complexes. In conclusion, the elec-
tron microscopic observations that regular junctional struc-
tures exist in skeletal muscle triads [5,22,23] are con¢rmed
by crosslinking of native muscle membranes. CSQ and the
RyR, as well as the K1-DHPR appear to exist in a gigantic
complex mediating highly specialized signal transduction dur-
ing EC-coupling in skeletal muscles. Although di¡erences ex-
ist in the ¢ne tuning of EC-coupling between fast and slow
muscles, both main ¢ber types exhibit the oligomerization of
proteins involved in Ca2-handling as an intrinsic property.
Acknowledgements: This work was supported by Wellcome Trust
Project Grant 43987-Z-95 to K.O. We are indebted to Dr. Kevin
P. Campbell for his generous gift of monoclonal antibodies to muscle
proteins used in this study.
References
[1] MacLennan, D.H. and Wong, P.T.S. (1971) Proc. Natl. Acad.
Sci. USA 68, 1231^1235.
[2] Meissner, G. (1975) Biochim. Biophys. Acta 389, 51^68.
[3] Somlyo, A.V., Gonzalez-Serratos, H., Shuman, H., McClellan,
G. and Somlyo, A.P. (1981) J. Cell Biol. 90, 577^594.
[4] Jorgensen, A.O., Shen, A.C.Y., Campbell, K.P. and MacLennan,
D.H. (1983) J. Cell Biol. 97, 1573^1581.
[5] Franzini-Armstrong, C., Kenney, L.J. and Varrianano-Marston,
E. (1987) J. Cell Biol. 105, 49^56.
[6] Fliegel, L., Ohnishi, M., Carpenter, M.R., Khanna, V.K., Reith-
meier, R.A.F. and MacLennan, D.H. (1987) Proc. Natl. Acad.
Sci. USA 84, 1167^1171.
[7] Ohnishi, M. and Reithmeier, R.A.F. (1987) Biochemistry 26,
7458^7465.
[8] Yano, K. and Zarain-Herzberg, A. (1994) Mol. Cell Biochem.
135, 61^70.
[9] Tanaka, M., Ozawa, T., Maurer, A., Cortese, J.D. and Fleischer,
S. (1986) Arch. Biochem. Biophys. 251, 369^378.
[10] Cala, S.E. and Jones, L.R. (1983) J. Biol. Chem. 258, 11932^
11936.
[11] Aaron, B.M.B., Oikawa, K., Reithmeier, R.A.F. and Sykes, B.D.
(1984) J. Biol. Chem. 259, 11876^11881.
[12] Mitchell, R.D., Simmerman, H.K.B. and Jones, L.R. (1988)
J. Biol. Chem. 263, 1376^1381.
[13] He, Z., Dunker, K., Wesson, C.R. and Trumble, W.R. (1993)
J. Biol. Chem. 268, 24635^24641.
[14] Ikemoto, N., Ronjat, M., Meszaros, L.G. and Koshita, M.
(1989) Biochemistry 28, 6764^6771.
[15] Hidalgo, C. and Donosos, P. (1995) Biosci. Rep. 15, 387^397.
[16] Kasai, M. and Ide, T. (1996) Ion Channels 4, 303^331.
[17] Catterall, W.A. (1995) Annu. Rev. Biochem. 64, 493^532.
[18] Meissner, G. (1994) Annu. Rev. Physiol. 56, 485^508.
[19] Fleischer, S. and Inui, M. (1989) Annu. Rev. Biophys. Biophys.
Chem. 18, 333^364.
[20] Rios, E., Ma, J.J. and Gonzalez, A.J. (1991) Muscle Res. Cell
Motil. 12, 127^135.
[21] Numa, S., Tanabe, T., Takeshima, H., Mikamai, A., Niidomi, T.,
Nishimura, B., Adams, A. and Beam, K.G. (1990) Cold Spring
Harbor Symp. Quant. Biol. 55, 1^7.
[22] Block, B.A., Imagawa, T., Campbell, K.P. and Franzini-Arm-
strong, C. (1988) J. Cell Biol. 107, 2587^2600.
[23] Franzini-Armstrong, C. and Jorgensen, A.O. (1994) Annu. Rev.
Physiol. 56, 509^534.
[24] Rios, E. and Brum, G. (1987) Nature 325, 717^720.
[25] Tanabe, T., Beam, K.G., Powell, J.A. and Numa, S. (1988) Na-
ture 336, 134^139.
[26] Adams, B.A., Tanabe, T., Mikami, A., Numa, S. and Beam,
K.G. (1990) Nature 346, 569^572.
[27] Nakai, J., Dirksen, R.T., Hguyen, H.T., Pessah, I.N., Beam,
K.G. and Allen, P.D. (1996) Nature 380, 72^75.
[28] Marty, I., Robert, M., Villaz, M., DeJongh, K., Lai, L., Catter-
all, W.A. and Ronjat, M. (1994) Proc. Natl. Acad. Sci. USA 91,
2270^2274.
[29] Lu, X., Xu, L. and Meissner, G.J. (1995) J. Biol. Chem. 270,
18559^18564.
[30] Meissner, G. and Lu, X. (1995) Biosci. Rep. 15, 399^408.
[31] Murray, B.E. and Ohlendieck, K. (1997) Biochem. J. 324, 689^
696.
[32] Kim, K.C., Caswell, A.H., Brunschwig, J.P. and Brandt, N.R.
(1990) J. Membr. Biol. 113, 221^235.
[33] Caswell, A.H., Brandt, N.R., Brunschwig, J.P. and Purkerson, S.
(1991) Biochemistry 30, 7507^7513.
[34] Brandt, N.R., Caswell, A.H., Wen, S.R. and Talvenheimo, J.A.
(1990) J. Membr. Biol. 113, 237^251.
[35] Knudsen, C.M., Stang, K.K., Jorgensen, A.O. and Campbell,
K.P. (1993) J. Biol. Chem. 268, 12637^12645.
[36] Guo, W., Jorgensen, A.O. and Campbell, K.P. (1994) J. Biol.
Chem. 269, 28359^28365.
[37] Guo, W. and Campbell, K.P. (1995) J. Biol. Chem. 270, 9027^
9030.
[38] Jones, L.R., Zhang, L., Sanborn, K., Jorgensen, A.O. and Kelley,
J. (1995) J. Biol. Chem. 270, 30787^30796.
[39] Fan, H., Brandt, N.R., Peng, M., Schwartz, A. and Caswell,
A.H. (1995) Biochemistry 34, 14893^14901.
[40] Pette, D. and Staron, R.S. (1992) Rev. Physiol. Biochem. Phar-
macol. 116, 1^76.
[41] Damiani, E. and Margreth, A. (1994) J. Muscle Res. Cell Motil.
15, 86^101.
[42] Flucher, B.E. and Franzini-Armstrong, C. (1996) Proc. Natl.
Acad. Sci. USA 93, 8101^8106.
[43] Ohlendieck, K., Ervasti, J.M., Snook, J.B. and Campbell, K.P.
(1991) J. Cell Biol. 112, 135^148.
[44] Ohlendieck, K., Briggs, F.N., Lee, K.F., Wechsler, A.W. and
Campbell, K.P. (1991) Eur. J. Biochem. 202, 739^747.
FEBS 20385 18-6-98
B.E. Murray, K. Ohlendieck/FEBS Letters 429 (1998) 317^322 321
[45] Bradford, M.M. (1976) Anal. Biochem. 72, 248^254.
[46] Wong, S.S. (1991) Chemistry of Protein Conjungation and Cross-
linking, CRC Press, Boca Raton, FL.
[47] Lomant, A.G. and Fairbanks, G. (1976) J. Mol. Biol. 104, 243^
261.
[48] Maguire, P.B. and Ohlendieck, K. (1996) FEBS Lett. 396, 115^
118.
[49] Laemmli, U.K. (1970) Nature 227, 680^685.
[50] Needleman, D.H. and Hamilton, S.L. (1997) Anal. Biochem. 248,
173^179.
[51] Ohlendieck, K. (1996) Methods Mol. Biol. 59, 293^304.
[52] Towbin, H., Staehelin, T. and Gordon, J. (1979) Proc. Natl.
Acad. Sci. USA 76, 4350^4354.
[53] Maguire, P.B., Briggs, F.N., Lennon, N.J. and Ohlendieck, K.
(1997) Biochem. Biophys. Res. Commun. 240, 721^727.
[54] Dulhunty, A.F., Banyard, M.R.C. and Medveczky, C.J. (1987)
J. Membr. Biol. 99, 79^92.
[55] Nakai, J., Ogura, T., Protasi, F., Franzini-Armstrong, C., Allen,
P.D. and Beam, K.G. (1997) Proc. Natl. Acad. Sci. USA 94,
1019^1022.
[56] Zhang, L., Kelley, J., Schmeisser, G., Kobayashi, Y.M. and
Jones, L.R. (1997) J. Biol. Chem. 272, 23389^23397.
[57] Shoshan-Barmatz, V., Hadad-Halfon, N. and Ostersetzer, O.
(1995) Biochim. Biophys. Acta 1237, 151^161.
[58] Burgess, A.J., Matthews, I., Grimes, E.A., Mata, A.M., Mun-
konge, F.M., Lee, A.G. and East, J.M. (1991) Biochim. Biophys.
Acta 1064, 139^147.
FEBS 20385 18-6-98
B.E. Murray, K. Ohlendieck/FEBS Letters 429 (1998) 317^322322
